This study presents the guidance control provided by a rehabilitation support robot that is intended to assist with the movement of a patient's arm. The guidance control is accomplished using a stiffness ellipse. The characteristic that the direction of force acted upon changes depending on the settings of the stiffness ellipse is used for guiding the movement. The system developed in this study adjusts the stiffness ellipse by using a musculoskeletal manipulator with biarticular mechanism. It was verified that the movement of a subject could be guided by changing the stiffness ellipse and assisting the movement. The experimental results demonstrate that it is possible to guide the movement without any dependency on the control bandwidth of the actuator.
Introduction
Since 2007, Japan has been a super-aged society, i.e., a society with over 20% of its citizens aged 65 and older. The number of people affected by age-related limb problems has been on the rise; thus, there is an increase in demand for exercise therapy for rehabilitation of the elderly, particularly to prevent muscle contractures. Exercise therapy is usually carried out under the supervision of a physiotherapist, but the duration of treatment that can be provided by a single therapist is limited. Therefore, intense research and development is being undertaken to realize a rehabilitation support device that will allow rehabilitation exercises to be performed for an extended periods of time (1) - (3) . Kahn et al. showed that the use of a rehabilitation apparatus for the upper limbs provides an effective means of mitigating spasms (4) . Krebs et al. reported outstanding results for training with an upper limb rehabilitation device that used a two-dimensional (2D) force display system (5) . The concept of neurorehabilitation, which focuses on the brain functions, has also been introduced in recent years (6) . Neurorehabilitation is used for restoring the brain a) Correspondence to: Toshiaki Tsuji. E-mail: tsuji@ees. saitama-u.ac.jp * Saitama University 255, Shimo-ohkubo, Sakura, Saitama 338-8570, Japan * * JST PRESTO 4-1-8, Honcho, Kawaguchi, Saitama 332-0012, Japan * * * Ushioda General Hospital 1-6-20, Yako, Tsurumi, Yokohama, Kanagawa 230-0001, Japan * * * * Shonan Fureai Gakuen 4 th Floor, 2-1-52, Chigasaki, Chigasaki, Kanagawa 253-0041, Japan * 5 Kanagawa University of Human Services 1-10-1, Heisei-cho, Yokosuka, Kanagawa 238-0013, Japan functions and promoting plastic change and the reconstruction of neural networks in the brain by performing voluntary operations. Therapists often guide movement in patients to enhance the effectiveness of neurorehabilitation. Hence, implementation of advanced exercise therapy by the guiding of movements is essential for performing therapy using robots. Impedance control strategies including stiffness control are often applied for guiding in human machine support systems (7) , while the performance of such guiding depends on the control bandwidth. Rehabilitation support robots using pneumatic artificial muscles are light weight and mechanically safe. Hence, several such robots have been developed (8) (9) . However, because of their narrow control bandwidth, which is often limited by the actuator characteristics, they face difficulty in performing advanced tasks such as those associated with guidance. Therefore, this study proposes a type of guidance control that uses a pneumatic artificial muscle manipulator; in this control, guidance is accomplished by employing the features of the musculoskeletal system. It has long been known that biarticular muscles are necessary for constructing a stiffness ellipse by using a musculoskeletal mechanism (10) . It has also been shown that the control of a functional effective muscle model that includes the biarticular muscles allows accurate force control of the tip system (11) . Further, a method for controlling the stiffness ellipse by using a nonlinear spring has been proposed (12) . As mentioned above, the relation between the musculoskeletal mechanism and the stiffness ellipse has been theoretically verified in detail. A stiffness control system with pneumatic muscles has also been developed (13) , while it has not yet been extended to guidance control. This is because pneumatic muscles have a narrow control bandwidth, and therefore it was believed that pneumatic muscles are inappropriate for guidance control. The system in this study adjusts c 2014 The Institute of Electrical Engineers of Japan. the stiffness ellipse by using a musculoskeletal manipulator through application of the functional effective muscle theory. Such an approach is convenient for pneumatic muscle systems, which is often introduced into rehabilitation robots. Another merit of this approach is that the guidance performance is not dependent on the control bandwidth of the actuators.
The aim of this study was to guide the motion trajectory during rehabilitation by using the abovementioned characteristics. During rehabilitation, the movement direction can be changed by adjusting the inclination of the stiffness ellipse when movement is guided toward the direction in which stiffness is low. The authors developed a control system that deals with multiple stages of exercise therapy: active exercise, active assistive exercise, and passive exercise. It is highly expected that guiding control based on the stiffness ellipse is effective. However, the effectiveness of the guiding control under the interference of the feedback given by the patient is unclear. Therefore, this study evaluates the effect, especially the performance of active assistive exercises, which often require guidance control.
Basic Theory

Muscle Sequence in Humans
Here, we describe the muscle sequence in the human arm. The muscles that work functionally in the movement of the human arm are called functionally effective muscles; these are three pairs of muscles; i.e., a total of six muscles (e s and f s ; e e and f e ; e b and f b ), as shown in Fig. 1 . These three pairs of muscles can be categorized under "monoarticular muscles" and "biarticular muscles." Monoarticular muscles are connected through a single joint, and they generate a force in one joint only. As muscles tend to generate only a contractile force, they are arranged on opposite sides of the joint to generate both positive and negative torque in the joint. These are referred to as antagonists, and the antagonizing monoarticular muscles are known as "antagonistic monoarticular muscles." e s and f s represent the antagonistic monoarticular muscles of the shoulder, and e e and f e represent the monoarticular antagonistic muscles of the elbow.
Biarticular muscles are arranged across two joints to generate a force in them. The antagonized biarticular muscles In this way, the arms of humans are made up of three pairs of six muscle mechanisms including a biarticular muscle mechanism. The effect of this mechanism on movements in humans has been elucidated through a numerical analysis (14) and through research on the resolution of contact tasks (15) . Humans can implement these movements through coordinated control of these two types of muscles, whereas robots require advanced processing.
Biarticular Muscle Mechanism and Stiffness Ellipse
The biarticular muscle mechanism works effectively in the movement of the human arm. A prime example to illustrate this fact is that the stiffness ellipse at the arm tip can be set arbitrarily. Here, the wrist position is substituted for the arm tip position in order to evaluate the movement of the whole upper arm. The stiffness ellipse represents the distribution of stiffness in a 2D plane.
The stiffness ellipse at the arm tip of a human differs from that of a common robot, which has a motor in each joint. The stiffness ellipse in the case of a joint driven by a robot arm gets deformed by the external force at the arm tip. In this case, the direction of displacement does not match that of the occurrence of the external force, and it has been reported that this mismatch interferes with the control of the force. However, in a robot arm with three pairs of muscles that simulate the muscle sequence of the human arm, it has been shown theoretically that the stiffness ellipse is not deformed by the external force at the arm tip; this has been verified experimentally using a robot (14) . Below, we show the effect of the biarticular muscles on the stiffness ellipse at the arm tip.
The relation between the torque T and the joint angle θ in Fig. 2 is given by
and the relationship between force F and displacement x of the arm tip is given by
Here, J is the Jacobian matrix that is given by where subscripts 1 and 2 represent joints J 1 and J 2 , respectively and θ 12 = θ 1 + θ 2 . k s , k e , and k b denote the angular stiffness of each antagonistic muscle. The subscripts s, e, and b represent the monoarticular shoulder muscle, monoarticular elbow muscle, and biarticular muscle, respectively. Angular stiffness is defined as the rate of change in the angle with respect to the load torque, and its unit is Nm/rad. l 1 and l 2 denote the lengths of the upper arm and forearm of the robot, respectively. By substituting (3) into (2), we obtain
These equations show that the stiffness at the tip is determined by k s , k e , and k b .
In (2), k 12 and k 21 are the interference terms; if they are nonzero, then the directions of the force and displacement do not match. However, these interference terms can be reduced to zero by adjusting the stiffness of the biarticular muscles. We show below that this adjustment cannot be made without biarticular muscles.
If there are no biarticular muscles, i.e., if k b = 0 and if
Equation (7) will be 0 only when
If k s = k b , then k 12 = k 21 = 0 and the interference terms can be reduced to 0.
Model of Guiding in Active Assistive Exercise
The present study deals mainly with active assistive exercise, while a physical model of active assistive exercise has not yet been established. In this study, guiding in active assistive exercise is considered to be "exercise that involves the addition of a load depending on the direction"; it is assumed that the model is treated as described below.
While receiving guidance in active assistive exercise, the patient does not have appropriate control of direction when exercising. The physiotherapist assists and guides the incomplete directional control of the patient. In particular, the prevention of the movement in an undesirable direction is defined as "guiding." Such exercise is achieved in this study by using the stiffness ellipse. Previous studies have shown that the direction of force acted upon changes depending on the settings of the stiffness ellipse (14) . This characteristic is used for guiding the movement using the stiffness ellipse, and active assistive exercise is thus achieved. Fig. 3 shows the physical model of guiding in active assistive exercise that uses a two-link planar arm with a compliance ellipse. It should be noted that a compliance ellipse, and not a stiffness ellipse, is shown here. Movements in the extensively applied 2D plane are targeted, and the patient's movement is limited to two degrees of freedom of the shoulder joint and elbow joint. Assistance is provided by the physiotherapist or the robot through the use of a stiffness ellipse in the arm tip by decreasing the stiffness in the direction of movement (high compliance) and increasing the stiffness in the other direction (low compliance), which helps and guides along the direction of movement. The movement in the direction of the relatively low stiffness is guided by setting the stiffness ellipse.
Control Method
Setup of Muscle Stiffness
This subsection describes how to set up muscle stiffness to form a desired stiffness ellipse. Stiffness control is described with reference to Fig. 4 . k s , k e and k b are related to the stiffness in the arm tip; k s is the stiffness in the straight line connecting the elbow and the wrist; k e is the stiffness in the straight line connecting the shoulder and the wrist; and k b is the stiffness in a direction parallel to the upper arm. Hence, it is possible to control the stiffness ellipse at the arm tip by setting the stiffness of the antagonistic muscle. The elements of the ellipse, namely, the radius A in the direction of the x-axis, radius B in the direction of the y-axis, the slope θ e , and the stiffness of the three pairs of antagonistic muscles, k s , k e , and k b can be calculated using (9) .
k e = l 2 (A sin φ sin ψ + B cos φ cos ψ)
where φ = θ e − θ 1 , ψ = θ e − θ 1 − θ 2 , ζ = sin φ + sin ψ, and ξ = cos φ + cos ψ. The desired stiffness ellipse is set by this technique.
As movement has to be guided in the direction of the relatively low stiffness during rehabilitation, the direction of movement can be changed by changing the inclination of the stiffness ellipse. Fig. 5 shows the control system used in the study. This control system is capable of performing stiffness control, position control, and force control; however, in this study, only stiffness and position control were applied.
Control System
The portion at the top of Fig. 5 , where the open loop input from k cmd is added to P + , is the unit for adjusting mechanical stiffness. In contrast, the middle part of Fig. 5 with feedback loops is for adjusting control stiffness.
First, the top part is described. Using the fact that the stiffness of a pair of pneumatic artificial muscles is determined by the average input pressure, we implemented the method of setting the stiffness ellipse mentioned in Reference (9). as the input pressure, the average input pressure P + is determined using (10) . Coefficients a, b, and c are determined from the results of the air pressureangular stiffness characteristics shown in Fig. 6 . 
The position and velocity feedback loops in the middle are for controlling the position. k p and k v are the position and velocity feedback gains, respectively. Through position control, the force feedback loop at the bottom of the figure determines the control stiffness. The command stiffness matrix K cmd is determined as follows:
The force feedback loop calculates x f , the desired displacement in proportion to the external force F act , by multiplying the inverse of the command stiffness matrix K cmd −1 . Then, the control system works as a stiffness controller with bandwidth equal to that for position control. The control stiffness here is set to be equal to the mechanical stiffness set by the stiffness controller. By matching the mechanical stiffness and control stiffness, we can perform position control while using the stiffness set by the open loop unit in the top portion of Fig. 5 . Another point of matching the mechanical stiffness with the control stiffness is that the system achieves the command stiffness ellipse in a frequency range higher than its control bandwidth, because mechanical stiffness substitutes control stiffness in such a case. The difference in input pressure P − , as determined by the position control unit, is calculated as follows:
Here, k is a coefficient that determines the ratio of P − to the integrated control inputθ re f . We can determine the input pressure of each artificial muscle by combining it with the average input pressure using (13) . Fig. 7 shows the setup of the experimental device, and the specifications of the experimental device are listed in Table 1 . The encoder and force sensor are connected to the PC through a counter board and AD board, respectively, facilitating data measurement. These components are then connected to the proportional valve unit through a DA board. The proportional valve is a valve that can continuously control the air pressure through the input voltage. Fig. 8 shows a photograph of the rehabilitation support robot. To eliminate the influence of gravity, the arm portion is arranged such that it drives horizontally.
Experimental Device
Overview of Experimental Device
The arm portion has six pneumatic artificial muscles arranged in three pairs. A force sensor is placed on the tip of the arm portion, and the subject attaches his/her arm to the arm portion of the equipment through the force sensor. Although the value of the force sensor in this experiment is used for setting only the control stiffness, it is also possible to measure and evaluate the force at the arm tip. Further, optical Table 1 . Specifications of device encoders, which measure the position of the arm, are placed in the elbow and shoulder joints.
Purpose and Method of Experiment
Two kinds of experiments that simulate exercise therapy were conducted to verify whether the movement of the subject can be guided by assisting his motion by changing the stiffness ellipse. The training scene is shown in Fig. 9 . The subjects of the experiment were nine healthy adults, both men and women (age: 21-25 years). The subject sat on the chair shown in Fig. 8 and fixed his/her right wrist at the arm portion of the equipment through the force sensor. At this time, the gains of the position control were set as k p = 4.0, k v = 1.0, and k = 1.0. The position command value was set as the control that maintained the initial position.
The two kinds of experiments were as follows:
• free movement experiment (without a display)
• tracing movement experiment (with a display).
In the free movement experiment, the subject was asked to freely move his/her arm from the left to the right. Since there was no display, it was assumed that no visual feedback will be given from the subject.
In the tracing movement experiment, the target and the arm tips were displayed on a monitor placed in front of the subject, and the subject moved his/her arm himself such that the arm tip followed the target. The arm tip at that time was measured from the angle encoder of the robot. after referred to as 10-s, 5-s, step, and blind movements. Further, each of the movement experiments was performed twice by varying the stiffness pattern. In the case of stiffness pattern A, the angle between the stiffness ellipse and the direction of movement (lateral direction) was 0
• , and in the case of stiffness pattern B, this angle was 10
• in the counterclockwise direction (Fig. 10) . Since the subjects were asked to move the arm from the right to the left, pattern A represents the case in which the intended direction and the guidance direction are the same. On the other hand, pattern B represents the case in which the intended direction and the guided direction have a difference of 10
• . The angular stiffness of each antagonist muscle was set as follows: in the case of stiffness pattern A, k s = 1. no target position was displayed to the subject, the subject moved the arm compliantly. The results of this experiment show that the guidance is quite effective in such a case of free movement. However, it should be noted that the guidance is not necessarily accurate in spite of the large effect because the movement is free.
Results of Tracing Movement Experiment
The inclination of the movement trajectories obtained from the experiment is shown in Fig. 12 . To demonstrate the results of this experiment, the motion trajectory of one of the subjects obtained from the experiment is shown in Fig. 13 . In the cases of the 10-s, 5-s, and step movements, the observed trend was that the motion trajectory tilted in the direction of tilting of the stiffness ellipse. This result indicates that the movement had been guided to the intended direction.
However, in this experiment, the inclination was in the negative direction for both the stiffness patterns. This result is attributed to the nonlinearity in the dynamics depending on the subject's posture. When the movement period was longer (slow movement), it was easier to exercise human control, and hence, the target was followed more accurately. As the period became shorter (faster movement), the movement tended to be affected by the posture. This was corroborated by the fact that the inclination in the case of the 5-s movement is considerably larger than those in the cases of the 10-s movement and the step movement.
As the subject followed the target using visual feedback, the feedback given by the subject was dominant. Therefore, the difference between the two patterns was reduced to about 0.4
• . On another front, all three movements, i.e., the 10-s, 5-s, and step movements all resulted in an increase in average inclination. In sum, the results demonstrate the presence of the guiding effect even under the influence of visual feedback from subjects, while the effect weakens owing to the interference of the feedback.
Another noticeable fact in Fig. 12 is that the error in inclination becomes larger as the movement becomes faster, while the difference between patterns A and B is about 0.4
• in all cases. This means that the performance of guidance control was about the same regardless of the input frequency. On the other hand, the performance of the visual feedback control by the subject degraded with a speeding up of movement.
Conclusion
In this study, the control of a rehabilitation support robot to help the movement of the arm was examined. The effect of guidance with a change in the stiffness ellipse of the arm tip was verified. In this control system, stiffness control is not only carried out by feedback control. The stiffness ellipse is also set in an open loop on the basis of the relationship between the stiffness value and the input pressure of a previously identified antagonistic muscle. Thus, guidance independent of the control bandwidth of the actuator is possible. From the results of the experiment without visual feedback given by the subject, it was confirmed that the motion trajectories inclined in the direction of inclination of the stiffness ellipse. This is the consequence initially envisioned, while it was not yet clear whether this guidance would be effective under the influence of visual feedback from the subject. Therefore, an experiment was also conducted under the influence of this visual feedback, and the result shows that the guiding effect still exists under the presence of visual feedback, although the guiding effect was weaker.
